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FOREWORD 

The Summary Repor t of the Phys ics Division of the 

Argonne National Labora to ry is i ssued monthly for the information 

of the nnembers of the Division and a lim.ited number of other pe r sons 

in t e re s t ed in the p r o g r e s s of the work. Each active project r e p o r t s 

about once in 3 nnonths, on the ave rage . Those not r epor ted in a 

par t icu la r i s sue a r e l is ted separa te ly in the Table of Contents with 

a r e fe rence to the las t i s sue in which each appea red . 

This is m e r e l y an informal p r o g r e s s r e p o r t . The 

r e su l t s and data therefore mus t be unders tood to be p r e l im ina ry and 

tenta t ive . 

The i ssuance of these r epo r t s is not intended to con

sti tute publication in any sense of the word. Final r e su l t s e i ther 

will be subinitted for publication in regu la r profess ional journa ls 

or J in special c a s e s j will be p resen ted in ANL Topical R e p o r t s , 
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I. EXPERIMENTAL NUCLEAR PHYSICS 

1-6-1 Double I somer i sm in As'^^ (51210-01) 

H. H. Bolotin 

Odd-A nuclei with an odd neutron or proton number between 

29 and 39 a r e in a region in which many Ml t rans i t ions nnight be expected 

to show i - fo rb idden c h a r a c t e r i s t i c s . In this region, the odd nucleons 

predominant ly occupy the Pg ,_ and f̂ . o rb i ta l s . The configurations of 

the low-lying s ta tes nnay be complicated and often ambiguous; however , 

many Ml t rans i t ions between levels that a r e dominantly composed of 

nucleons in these orbi ta ls would be expected. Such Ml t rans i t ions would 

be i forbidden and would proceed at a r e t a rded rate through admixtures 

of other configurations in these leve ls . Retarded Ml t rans i t ions have 

been repor ted in this region (e, g. , in Cu®^, Ge"^^, As"^^, and Rb^^), with 

r e t a rda t ion factors ranging from about 3 to 400 with respec t to Moskowski 's 
1 

s ing le -par t i c le e s t ima t e s . 

The possibi l i ty that the 66-keV t rans i t ion from the f i r s t 

excited state to the ground state in As'^^ could be of this r e ta rded type 

prompted the investigation repor ted h e r e . The decay of Se'^^ has been 
2 

repor ted by seve ra l groups. The connbined work of these inves t iga tors 

shows that the population and decay of the As^^ levels co r respond to a 

s imple decay schenne. Only two excited s ta tes a r e populated, with two 

t rans i t ions in cascade and no observed c r o s s - o v e r t rans i t ion . These 

t rans i t ions have energ ies of 0, 359 and 0, 066 MeV and a re of M2 and Ml 

A, H. Wapstra, G. J . Nijgh, and R, Van Lieshout, Nuclear Spec
t roscopy Tables (North-Holland Publishing Company^ A m s t e r d a m , 1959)^ 
p . 71. 

2 
Nuclear Data Sheets, edited by C. L. McGinnis, National Academy 

of Sciences , National R e s e a r c h Council (U. S, Government Pr in t ing 
Office, Washington, D, C. , I960). 
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3 4 

c h a r a c t e r , r e s p e c t i v e l y . ' The 0. 4 2 5 - M e V s e c o n d exc i t ed s t a t e r e 

c e i v e s about 99% of the popula t ion f rom the 7. 1-hr g round s t a t e of Se"^^ 
3 4 

by m e a n s of 70% p o s i t r o n e m i s s i o n and 30% e l e c t r o n c a p t u r e . ' H a y w a r d 
4 

and Hoppes , who have m e a s u r e d the l i f e t ime of the 0. 4 2 5 - M e V s e c o n d 

exc i t ed s t a t e by conven t iona l d e l a y e d - c o i n c i d e n c e m e t h o d s , r e p o r t a half-

life of 6. 0 ± 0. 2 ( isec . T h e s e w o r k e r s a l s o a t t e m p t e d to m e a s u r e the 

l i fe t ime of the 0 . 0 6 6 - M e V l e v e l by the s a m e m e t h o d and r e p o r t e d an u p p e r 

l i m i t of ^ 5 n s e c for the hal f - l i fe of this l e v e l . The p o s i t r o n s p e c t r u m and 
3 

i n t e r n a l - c o n v e r s i o n s p e c t r u m of the t r a n s i t i o n s w e r e i n v e s t i g a t e d by Scot t 
4 

and by Hayward and Hoppes with c o m p a r a b l e r e s u l t s . A w e a k (< 1%) 

p o s i t r o n b r a n c h with an end-po in t e n e r g y 0. 36 MeV h i g h e r than the m a i n 

p o s i t r o n group was ev idence that the 0. 359-MeV t r a n s i t i o n p r e c e d e s the 

0. 066-MeV one. 

Sc in t i l l a t ion Y- ray s p e c t r o s c o p y was u s e d t h roughou t the 

w o r k r e p o r t e d h e r e . D e l a y e d - c o i n c i d e n c e t e chn iques w e r e u s e d to d e t e r 

mine the l i fe t ime of the f i r s t exc i ted s t a t e and to r e m e a s u r e that of the 

second exc i ted s t a t e by m e t h o d s s o m e w h a t m o r e r e f i ned than those p r e 

v ious ly used to inves t iga te these l e v e l s . 

S o u r c e s of 7. 1-hr Se'^s w e r e p r o d u c e d by the r e a c t i o n 

Ge^O(a, n)Se73 induced by a 20-MeV a lpha p a r t i c l e s f r o m the A r g o n n e 

60 - in . cyc lo t ron b o m b a r d i n g t a r g e t s of n a t u r a l l y o c c u r r i n g e l e m e n t a l Ge . 

The Ge ac t iv i ty was c h e m i c a l l y s e p a r a t e d f rom the t a r g e t m a t e r i a l by 

s t a n d a r d t e c h n i q u e s . 

A typ ica l s i ng l e s p u l s e - h e i g h t s p e c t r u m r e c o r d e d wi th a 

3 in. X 3 in. Nal(Tl) c r y s t a l is shown in F i g . 1. The s p e c t r u m r e v e a l s 

the p r e s e n c e of only two y r a y s (at 66 and 359 keV) in add i t i on to the 

5 U - k e V a n n i h i l a t i o n - r a d i a t i o n peak , in a g r e e m e n t wi th the r e s u l t s of 

F . R. Scott, P h y s . Rev . _84, 659 (1951) . 

4 

R. W. Hayward and D. D. Hoppes , P h y s . R e v . 101, 9 3 ( 1 9 5 6 ) . 
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DELAY TIME (nsec) 
0 10 20 30 40 
I I I I I 
T" I " 

PULSE HEIGHT (Chonnal Numbar) 20 40 60 80 
CHANNEL NUMBER 

Fig , 1, Singles y-^^y spect rum of 
the decay of Se'^^ as viewed 
by a 3 in, X 3 in, Nal(Tl) de
tec tor . Individual y - r a y con
tr ibutions a r e represen ted by 
dashed l ines . 

Fig , 2. Tinne spectrunn of coin
cidences between the 0, 066- and 
0, 359-MeV gamma r a y s . The 
delayed slope cor responds to the 
0. 066-MeV gannma ray being 
delayed. The pronnpt spectrunn 

, , ^̂  _, was obtained with a Cu®"* 
Havward and Hoppes, i h e r e was no 

' ^ source , 

evidence for any other y rays with 

energies below 2 MeV. 

Delayed-coincidences between the 0 ,359- and 0, 066-MeV 

gamma rays were studied by use of Nal(Tl) de tec tors and t i m e - t o - p u l s e -

height convers ion. The y rays were selected by use of nar row differential 

pulse-height windows. The resu l t s a r e shown in F ig . 2. The "prompt" 

response curve was obtained by setting the window on the Compton-e lec t ron 

spectrunn of the annihilation quanta from a Cu®"* source . The pu l se -

height regions were identical to those used in the As'''^ cascade . F r o m 

the slope of the delayed-coincidence spect rum, the 0, 066-MeV transi t ion 

was found to be delayed re la t ive to the 0. 359-MeV t rans i t ion with a half-

life of (6. 1 ± 0. 4) X 10"^ sec, which d i sagrees with the upper l imit of 
4 

^ 5 X 10"^ sec repor ted by Hayward and Hoppes, The time o rde r of the 
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transitions, previously supported only by the observation of a p branch 

with an intensity of about 1%, is confirmed by this resul t . 

The lifetime of the 0. 425-MeV state was remeasured with 

a 200-channel Radiation Instrument Development Laboratory pulse-height 

analyzer used as a direct time-delay analyzer of the " s t a r t - s top" type. 

The internal 2-Mc/sec oscillator in the analyzer provides an accurately 

controlled address advance of j p,sec per channel. In this case, the 

pulse-height output of a single-channel analyzer, which is set on the "ear ly" 

0. 511-MeV annihilation radiation, is adjusted to be stored normally in 

channels 190 to 200 of the multichannel analyzer. The output pulse of a 

second single-channel analyzer, marking the appearance of the " la te" 

0. 066-MeV gamma ray in a second detector, is delayed by about 15 |a,sec 

and is used to stop the address-advance oscillator of the multichannel 

analyzer so that a pulse is artificially stored in a channel corresponding 

to the time interval between the "early" and "late" pulses . If the "late" 

pulse does not arr ive within about 100 (isec after the a r r iva l of the "early" 

pulse, this pulse is stored in its normal pulse-height channels (190 — 200). 

This method of determining a relatively long lifetime in the microsecond 
5 

region has been used previously. The time spectrum of the 0. 511-MeV 

annihilation radiation and the 0. 066-MeV gamma ray is shown in Fig. 3. 

From the slope of the delay curve, the half-life of the 0. 425-MeV level 

is 5. 0 ± 0. 4 [isec, which differs somewhat from the value 6. 0 ± 0. 2 ĵisec 

reported by Hayward and Hoppes who used conventional techniques. The 

absence of any significant "prompt" portion of this spectrum reflects the 

fact that positron emission goes almost exclusively to the 0. 425-MeV 

level. Any direct population of the 0. 066-MeV state (t^ = 6. 1 nsec) by 

positron emission would appear as a "prompt" component in Fig. 3. 

5 

H. H. Bolotin, A. C. Li, and A. Schwarzschild, Phys. Rev. 124, 213 
(1961). Detailed specifications for the use of this method a r e given in 
this reference. However, footnote 28 of this reference should read 
" • • . imposed on pin 7 • • • " instead of " • • • imposed on pin 8 • • . " 
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'0 20 40 60 80 100 120 
CHANNEL NUMBER (I Channel =1/2/xsec) 

Fig . 4. Decay scheme of the Se^^ 
ground state, summar iz ing both 
previous work and the half-life 
m e a s u r e m e n t s repor ted in this 
paper . 

F ig . 3, Time spectrunn of coin
cidences between 0, 066-MeV 
gannnna ray and the 0. 511-
MeV annihilation radiat ion. 
The contribution from accid
ental coincidences has been 
subtrac ted . 

Although the spins of 

the ground state and excited s ta tes of 

As'^3 have not been nneasured direct ly , 

the sys temat ics of levels in this 

region of atonnic weight, together 

with other P-decay and in terna l -convers ion work, strongly support the 

spin and par i ty ass ignments given in the decay scheme in F ig . 4. The 

ground state and f i r s t excited state have spin and par i ty assignnnents of 

— and — , respect ive ly . 

As previously mentioned, As^^ is in a region in which the 

p and f orbi ta ls a r e expected to dominate the configurations of the 

low-lying leve ls . As'^^ has 33 protons and 40 neu t rons . If only the 5 

protons in excess of the closed i^ shell a r e considered, the mos t 

plausible (but by no nneans ce r ta in or exhaustive) poss ib i l i t ies for the 

— ground state a r e the configurations [(f5/2)o P3/2-l 3/2 "' 
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[ ( C / . ' o (P3%)3/a] 3/2-^ ^"d [ (P3%)o (^5/2)3/2] 3/2- - e i t h e r singly or m 

combination. On the same bas i s , the configurations making up or dom

inantly contributing to the -^ first excited state could be expected to be 

r(n \ f , 1 , - and [(n ; ) (f / ) / I / „ - . With One exception, al l 
I ^ P S / S ' O 5 / 2 J 5 / 2 ^ " ° L ^ P 3 / 2 ' 0 ^ 5 / 2 ' 5 / 2 J 5 / 2 ^ ' 

Ml transitions between these configurations a re i forbidden. The exception, 

the Ml transition from {{'9.^1^ ^^^^i^)'sj^^l^' ^° [ 'P3/2)o'^5/2)3/s] 3/2'•> ®̂ 

also forbidden by orthogonality considerations. 

Thus, it is expected that the 0. 066-MeV Ml transit ion be

tween the first excited state and the ground state would be re ta rded . On the 

basis of the half-life obtained here for the 0. 066-MeV level (with internal-

conversion correction included), this transition is re tarded by a factor of 
1 

97 relative to the single-particle estimate of Moskowski —in agreement 

with what would be expected for an i-forbidden Ml t ransi t ion. 

The half-life of the first excited state in Nis i at 0.068 MeV 
6 7 

has been measured by Holland et al . to be 5.2 nsec . Available evidence 
indicates that this transition is M in charac ter , going from a -^ first 

3 -

excited state to the — ground state in analogy with the 0. 066-MeV t ran 

sition in As'^s. In Nie i , there are 33 neutrons which would be expected 

to form states analogous to those of the 33 protons in As'^s. It is significant, 

therefore, that the retardation (corrected for internal conversion) in the NiSi 

case is 91 —almost identical to that of the 0. 066-MeV transi t ion in As'^a. 

Both the absence of the crossover transit ion and the M2 

character of the 359-keV transition tend to support the - assignment for 

the 0. 425-MeV level. In addition, the 5-^isec half-life of this level is in 

good agreement with its M2 assignment. This t ransi t ion is retarded by a 

6 
R. E. Holland, F . J. Lynch, and E. N. Shipley, Bull. Am. Phys . Soc 

S_, 424 (I960). 

7 
R. H. Nussbaum, A. H. Wapstra, W. A. Brui l , M. J. Sterk, G. J . 

Nijgh, and N. Grobben, Phys. Rev. 101, 905 (1956). 
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1 
factor of 63 re la t ive to the s ing le -par t i c le speed, as is no rma l for an M2 

t rans i t ion . This level can be fornned in a var ie ty of ways , each of which 

reduces in effect to a single-p. 

coupling in p a i r s to ze ro spin. 
3, 4 

The allowed p decay going a lmost exclusively to the 

0. 425-MeV state indicates that the ground state of Se*^^ would be a 

s ing le-neut ron gy ,„ configuration, as expected from the shell model . This 

t rans i t ion fronn gg ,„ neutron to gg proton is in keeping with the above 

data. 

1-9-4 Lifetinnes of Energy Levels Excited by Slow-Neutron Capture 
(51210-01) 

H, H. Bolotin 

Despite considerable effort expended by severa l groups in 
1 

the study of s low-neutron capture gannma-ray spec t ra , v e r y few details 

of many of these spec t ra a r e understood. Even for nuclides whose level 

schemes a r e on a fair ly f irm bas i s , few, if any, p a r a m e t e r s (other than 

energy) descr ib ing these levels and the t rans i t ions proceeding from them 

a r e known. 

However, the neu t ron-cap tu re p roces s is a convenient and 

d i rec t way of populating a host of low-lying levels , some or al l of which 

may not be reached by other means such as p decay. In nnany odd-A 

nuclei , in which seve ra l low-lying levels a r e populated by p decay, the 

numerous y - r a y decay nnodes available after neutron capture can often r e 

veal levels and t rans i t ions near the ground state which (because of l imi t a 

tions imposed by spin and par i ty requ i rements ) a r e inaccess ib le by (3 decay. 

An even g rea t e r gap in the avai labi l i ty of levels is found in the case of 

odd-odd nuclei whose leve ls , with few exceptions, cannot be reached by 

1 
G. A. Bartholonnew in Nuclear Spectroscopy, edited by Fay Ajzenberg-

Selove (Academic P r e s s , Inc, , New York and London, I960), P a r t A, p, 306. 
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p d e c a y . The l eve l s in odd-odd nucle i a r e f a i r l y f r e e l y popu l a t ed by 

p r o c e s s e s following s l o w - n e u t r o n cap ture^ In add i t ion , the i so top ic i d e n t i 

f ica t ion of these l eve l s is m a t e r i a l l y f a c i l i t a t e d by the fac t that m o s t 

odd-A, e v e n - N t a r g e t s n a t u r a l l y occu r a s a s ingle i so tope in 100% a b u n d a n c e . 

A p r o g r a m has b e e n in i t i a t ed to i n v e s t i g a t e l o w - l y i n g e x c i t e d 

s t a t e s which a r e popula ted by s l o w - n e u t r o n c a p t u r e and s u b s e q u e n t -y-ray 

d e c a y . The object of this s e r i e s of i n v e s t i g a t i o n s is to d e t e r m i n e ( w h e r e 

feas ib le ) the l i f e t imes of t he se l e v e l s , and to obta in a s m u c h a d d i t i o n a l 

i n fo rma t ion a s p o s s i b l e about these l e v e l s and the t r a n s i t i o n s p r o c e e d i n g 

f rom them. The l i f e t imes that fall wi th in the c a p a b i l i t i e s of the in i t i a l 

c i r c u i t r y and e x p e r i m e n t a l a r r a n g e m e n t a r e in the r a n g e f r o m about 1 - 2 

n s e c to s e v e r a l m i c r o s e c o n d s . Only two such e x p e r i m e n t a l s t u d i e s , both 
2 , 3 

e x c l u s i v e l y l i fe t ime d e t e r m i n a t i o n s , have been r e p o r t e d in the l i t e r a t u r e . 

The e x p e r i m e n t a l w o r k is being c a r r i e d out a t the C P - 5 

r e a c t o r . To p rov ide a beam of t h e r m a l and s u b t h e r m a l n e u t r o n s f r e e of 

fas t n e u t r o n s and pi le y r a y s , the r e a c t o r hole is so l id ly p lugged wi th l ead 

and b i smu th c y l i n d e r s . The e m e r g i n g b e a m then p a s s e s t h r o u g h a c o l l i m a t o r 

c o m p o s e d of |^-in. Bo ra l shee t s and 5 -cm l ead p l a t e s in a l t e r n a t e l a y e r s 

and is incident upon the t a r g e t mounted a t 45 wi th r e s p e c t to the b e a m 

d i r e c t i o n . 

C a p t u r e y r a y s coming f rom the t a r g e t a r e v iewed by two 

sc in t i l l a t ion d e t e c t o r s mounted oppos i te e a c h o t h e r a t r i gh t a n g l e s to the 

beam d i r e c t i o n . The s c i n t i l l a t o r s a r e coup led to 1 4 - s t a g e p h o t o m u l t i p l i e r 

tubes whose anode s igna l s a r e l imi t ed , c l ipped , and fed to a 6BN6 t i m e - t o -

p u l s e - h e i g h t c o n v e r t e r of the G r e e n and Be l l type . L i n e a r s i g n a l s f rom 

N. D'Angelo, P h y s . Rev . 117, 510 ( I960 ) . 
3 

S. J . du Toit and L. M. B o l l i n g e r , P h y s . R e v . 123, 629 (1961). 
4 

R. E. G r e e n and R. E . Be l l , N u c l e a r I n s t r . and Me thods 3, 127 
(1958). 
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an e a r l i e r dynode a r e fed to l inear ampl i f ie rs and s ingle-channel ana lyze r s 

and a r e used to select the events of i n t e re s t . These pulses a r e mixed 

with the output of the t ime- to -pu l se -he igh t conver te r in a slow t r ip l e -co in 

cidence c i rcu i t whose output is used to open a l inear gate which al lows 

the time spectrunn to be displayed on a mult ichannel pulse-height ana lyze r . 

Since the prinnary object of these coincidence studies is the 

measurennent of re la t ive ly short lifetinnes, the time resolut ion obtainable 

with plas t ic sc in t i l l a to rs would be highly des i rab le . Unfortunately, the 

high connplexity inherent in the low-energy port ion of the y - r a y spec t ra 

resul t ing from neutron capture r equ i re s the highest energy resolut ion. 

This r equ i remen t dennands that at least the low-energy a r m of the de tec tor 

sys tem use Nal(Tl), even at the sacr if ice of t ime resolut ion. In nnost 

c a s e s , the low-lying levels a re populated both by h igh-energy p r i m a r y 

•y rays and re la t ively h igh-energy y - r a y ca scades . Therefore , it is usual ly 

sufficient to se lec t a re la t ively broad port ion of the Connpton dis tr ibut ion 

of these high-energy t rans i t ions by using a plas t ic sc int i l la tor in the second 

arnn of the coincidence detector sys tem. The use of a p las t ic sc in t i l la tor 

improves the time resolut ion of the sys t em. With this nnixed detector 

arrangennent, half- l ives as short as 1 - 2 nsec can be obtained fronn the 

slope of the tinne spec t rum, and a lower l imit of a few tenths of a nano

second can be set on those half- l ives de te rmined from a centroid-shif t 

ana lys i s . 

The coincidence c i r cu i t r y has been fully tes ted and is p e r -

fornning sa t i s fac tor i ly and the collinnator systenn is alnnost completed. 

Relat ively seve re background p rob lems at the experinnental location in the 

r eac to r roonn have necess i t a ted a great deal of ca re and effort in the 

select ion and arrangennent of the de tec tor shielding. Measu remen t s of 

the type outlined will be undertaken short ly for se lec ted nucl ides . In 

addition, the feasibi l i ty of y-y angu la r - co r r e l a t i on m e a s u r e m e n t s is being 

studied. 
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1-21-11 Excited States of Light Nuclei (51210-01) 

R. G. Alias, S. S. Hanna, L. S. Meyer, and R. E. Segel 

RADIATIVE CAPTURE OF PROTONS IN THE 
GIANT RESONANCE 

Studies of nuclear reactions initiated by gamma rays have 

shown that the bulk of the gamma-ray absorption is concentrated in a 

single resonance which is peaked at a gamma-ray energy of about 20 MeV 

and has a width of approximately 4 MeV. This giant resonance, which is 

common to virtually all nuclei, has been the subject of considerable 
1 

theoretical and experimental attention over the past fifteen yea r s . In 

many targets the compound nuclei produced by charged par t ic les from 

the tandem generator are excited to energies corresponding to the giant 

resonance of gamma-ray absorption. With the highly monoenergetic beams 

available from the tandem, the (p, y) reaction can be studied in considerably 

greater detail than is feasible with the continuous bremsstrahlung spectra 

used in conventional photonuclear work. Therefore, we have started a 

program of studying proton-capture gamma rays in the giant resonance 

region. 

The experiments have been set up in the gamma cave at the 

tandem and use the angular-correlation facility built by T. H. Braid. The 

gamma-ray detector has been a Nal(Tl) crystal 10 in. in diameter X 8 in. 

thick. This crystal, which is one of the largest in use, is mounted on a 

magnetically shielded photomultiplier tube 12 in. in diameter . The output 

of the photomultiplier tube is processed by largely conventional electronics. 

Since pulse pile-up from the intense radiations from (p,p ') , (p, a), and 

(p, n) reactions tends to mask the spectrum from the much less numerous 

but more energetic (p,-y) reactions, a system to strain out pile-up events 

1 

See for instance, W. E. Stephens in Nuclear Spectroscopy (Academic 
P r e s s , New York, I960) and references therein. 
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has been devised and ins ta l led. The final data from the pulse-height 

ana lyzer a r e punched onto IBM ca rds so that the data can be further p r o c e s 

sed by the computer . The p r o g r a m subt rac ts the c o s m i c - r a y spec t rum 

and unpeels the different g a m m a - r a y lines by using a s tandard line shape 

of monoenerget ic gamma rays (determined for this energy region by an 

appropr ia te nuclear react ion at the tandem). The resu l t is a set of in

tens i t ies of the individual g a m m a - r a y l ines . 

Several exper imenta l investigations of (p, y) reac t ions have 

been s ta r ted , including an extensive study of the capture of protons by B ^ . 

F o r this reac t ion Q = 16 MeV. Thus, since one-twelfth of the proton energy 

goes into motion of the center of m a s s , the 12-MeV protons from the 

tandem excite the compound nucleus to energies up to about 27 MeV. This 

excitat ion energy is grea t enough to pe rmi t a complete t r a v e r s a l of the 

giant resonance , which peaks at an excitation energy of about 22 MeV. 

The h igh-energy end of a typical pulse-height spec t rum in 

the 10 in. X 8 in. Nal(Tl) c rys t a l when a B H target is bombarded with 

protons is shown in F ig . 5. Two distinct and well i sola ted peaks a r e 

shown; they cor respond to capture gamma t rans i t ions to the ground state 

and the 4. 4-MeV f i r s t excited state of C12_ The intensi t ies of these two 

radia t ions have been m e a s u r e d both as a function of energy and of angle. 

The yield curves for these two 

gamma r ays , taken in 25-keV 
o 

s teps at 90 to the incident beam, 

a r e shown in F ig . 6, The yield 

of the ground-s ta te gamma ray 

shows a resonance shape with the 

peak of the resonance at a c o m -

pound-nucleus excitat ion energy of F ig . 5. High-energy end of a typical 
pulse-height spectrunn showing 

about 22 MeV, in good agreement ^^^ two capture y rays from 

with the peak of the g a m m a - r a y B i i ( p , v„)Ci2 and B i i ( p . y^ )Ci2* 
The spec t rum was recorded with 

absorpt ion curve . Thus the (p, yo ) a lOX 8 in. Nal c ry s t a l operated 
with an ant i -pi leup c i rcu i t . 
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Fig. 6. Yield curves of y rays 
from Bii(p, 7(j)Ci2 and 
Bi i (p , Y^)Ci2*^ observed at 
90° to the proton beam. 

reaction shows the same giant 

resonance as is seen in the inverse 

gamma-ray-induced reaction. On 

the other hand, the yield of the 

first-excited-state gamma ray (y^) 

does not show the giant-resonance 

shape and is indeed much smaller 

throughout the entire region. 

When the yield curve 

Y„ is examined more closely, one 

sees that it does not have a simple 

Lorentzian shape but rather exhibits 

numerous small anomalies. Also, 

the yield for -Y, does not display a simple shape, but rather behaves as if 

it were primari ly due to dissimilar levels in the compound nucleus. This 

is, of course, what would be expected for y which should not be in the 

giant-resonance region. 

Angular distributions for y^ and y were taken in approxi

mately 50-keV steps throughout this region. Some of these a re shown 

in Fig. 7. It can be seen that the y^ distribution changes smoothly, and 

at the peak of the giant resonance 

the distribution can be represented 
3 2 

approximately by 1 - — cos 9. The 

distributions become more isotropic 

as they are taken at energies farther 

out on either side of the giant reson

ance. A slight fore-and-aft asym

metry (i. e. , a positive cos 9 term) 

is also present . The structure seen 

in the yield curve does not seem to 

greatly disturb the angular d is -

0 so IZO «0 ,20 ,80 

B 1 0 . ^ 

Fig. 7. Angular distributions 
of Y rays from Bii(p, y )C12 
and Bii(p, Y )Ci2*. 
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t r ibu t ions . The y^ production seems to be chiefly a t t r ibutable to one s tate , 

p r e sumab ly the g ian t - r e sonance s ta te , with some smal l e r incoherent 

s t r u c t u r e super imposed . On the other hand, the angular d is t r ibut ions for 

Y^ va ry much m o r e and behave as though the y production is p r i m a r i l y 

due to many levels in the compound nucleus. 

Detai led calculat ions on the giant resonance in 0^2 have 
2 

recent ly been published by Vinh-Mau and Brown. They calculate that the 

bulk of the giant resonance would be due to a single state formed by p r o -
3/2 

moting a Ip ' nucleon in C12 to the ld5/2 orbi t . This s tate is ca lcula ted to 

be at 22. 2 MeV in the compound nucleus. Our work shows that the proton 

capture is indeed dominated by a state cen te red at 22. 2 MeV. F u r t h e r m o r e , 

we can ca lcula te that the angular dis t r ibut ion of the gamma rays for the 

configuration of Vinh-Mau and Brown would be expected to be 1 - — cos Q, 

in good ag reemen t with our measu red angular dis t r ibut ion. Thus the theory 

explains m o s t of the exper imenta l r e su l t s but makes no allowance for the 

smal l s t r uc tu r e that appea r s to be super imposed on the giant resonance . 

N. Vinh-Mau and G. E. Brown, Nucl. P h y s . _29̂ , 89(1962) . 

1-50-1 Search for a Pa r t i c l e -S tab le Te t r a Neutron (51210-01) 

J. P . Schiffer and R. Vandenbosch (CHM) 

1 
According to a recent r epor t which has reached us verbally, 

a study of the He*(Y,iT'*')H* — T + n react ion shows evidence for a na r row 

( r < 1 MeV) state in H* at about 4 MeV above binding. It is bel ieved to 

1 
Verbal r epo r t at the CERN Conference on High Energy Phys ics and 

Nuclear S t ruc tu re . This exper iment with the F r a s c a t i synchrot ron is a 
continuation of the one r epor t ed by P . E. Argan, C. Bendiscioli , A. 
P iazzo l i , V. Bisi , M. I. F e r r e r o , and G. P i rag ino , P h y s . Rev. Le t t e r s 
_9, 405 (1962). We a r e indebted to R. H. Dalitz for cal l ing this work to 
our at tent ion. 
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have i so top ic spin T = 2. S t a r t i ng with this i n fo rma t ion , u s ing the t r i t o n 

b inding e n e r g y of 8 .48 MeV, and a s s u m i n g c h a r g e s y m m e t r y , one would 

expec t the n* s y s t e m to be bound by about 4. 5 MeV a g a i n s t p a r t i c l e 

e m i s s i o n . This nuc leus would decay by (3 e m i s s i o n to the T = 1 s t a t e of 

H*. Th i s s t a t e p r e s u m a b l y is the b r o a d a n o m a l y s e e n in n e u t r o n s c a t t e r i n g 

f rom t r i t i u m and it would decay by p a r t i c l e e m i s s i o n . 

If the above c o n s i d e r a t i o n s a r e va l id , the e x p e c t a t i o n tha t 

t e t r a n e u t r o n s should be o b s e r v e d in f i s s i on would be h ighly p l a u s i b l e . 
2 , 3 

T a b l e I l i s t s t h e n u m b e r of a, t, a n d p p a r t i c l e s o b s e r v e d i n f i s s i o n . 

T A B L E I . R e l a t i v e f r e q u e n c i e s of v a r i o u s r e a l 

a n d p o s t u l a t e d p a r t i c l e s i n f i s s i o n . 

P a r t i c l e N u m b e r o b s e r v e d p e r 10 f i s s i o n s 

a 500 ( U 2 3 5 + t h e r m a l n ) 

a 3 3 0 ( C f 2 5 2 ^ s p o n t a n e o u s f i s s i o n ) 

p 7 . 4 ( C f 2 S 2 ) 

d, H e 3 < 1 . 5 ( C f 2 5 2 ) 

t 20 ( C f 2 5 2 ) 

j^4 < 0 . 0 0 2 ) , f r o m N ^ ^ a c t i v i t y a n d 

^ . „ . / •<! t h e t w o a s s u m p t i o n s 
< 0 . 0 4 [ , ^ 

/ ( s t a t e d m t h e t e x t 

n* < 0 . 0 0 0 5 ( f r o m M g 2 S a c t i v i t y ) 

n2 < 0 . 0 0 0 5 ( f r o m M g 2 a a c t i v i t y ) 

S i n c e t h e t e t r a n e u t r o n i s u n c h a r g e d , o n e w o u l d e x p e c t i t to o c c u r a t l e a s t 

a s o f t e n a s t h e s e p a r t i c l e s . F r o m t h e s e a s s u m p t i o n s i t s e e m s r e a s o n a b l e 

t h a t t e t r a n e u t r o n s s h o u l d b e o b s e r v e d i n s i d e n u c l e a r r e a c t o r s i n l o c a t i o n s 

R . A . N o b l e s , P h y s . R e v . 1 2 6 , 1 5 0 8 ( 1 9 6 2 ) . 

3 

H. E. Wegner , Bul l . A m . P h y s . Soc. 6, 307 (1961) 
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where the absorpt ion by nuclei in the modera to r is negligible. (There is 

no r eason to a s sume that the c r o s s section of n* on 0^2 or O^^ will be 

sma l l . ) The flux of n* might be expected to be at leas t 10" of the flux 

of unmodera ted neu t rons . 

Two exper iments have t r i ed to deduce the p re sence of n* by 

reac t ions it would produce . In the f i r s t exper iment , N^* samples were 

i r r ad i a t ed in the form of t h r e e - a m i n o - 1 , 2 , 4 - t r i a z o l e , whose chemical composition 

is C^N^Hg. The Ni*(n'*, n)Ni'^ react ion could have been detected by look

ing for the 4 -sec de layed-neut ron activity oi N ^'^. A 3. 5-g sample in a 

pneumat ica l ly opera ted rabbi t was i r r ad ia t ed for 5 sec at a point 3 in. from 

the ends of four fuel e l ements ; and immediate ly thereaf ter the sample 

was counted in a low-background a r e a for a per iod of 1 min, the number 

of counts being recorded at 5-sec in t e rva l s . Fifty i r r ad ia t ions of N 1* 

samples were i n t e r s p e r s e d with 50 i r rad ia t ions of Incite samples of 

s imi l a r weight (chemical composit ion CgO^H^j,). The neutron counter used 

was borrowed from Dr. G. J. Per low; it had an es t imated ove r -a l l 

efficiency of 2 X 10 . Both samples showed a smal l de layed-neutron 

act ivi ty which could perhaps be a t t r ibuted to contamination of about 10 g 

of na tura l u ran ium. In the f i rs t minute, the ni trogenous compound gave 

about 30% m o r e counts than the luci te . The observed difference was 

30 ± 17 counts for the f i r s t 5 sec, 6 ± 12 counts for the second 5 sec, and 

63 ± 20 counts for the remaining 50 sec . If the c r o s s section for the 

absorpt ion of n* by D and O^^ in the modera to r is a s sumed to be 0. 5 ba rns , 

the mean free path in the mode ra to r is 25 cm. F u r t h e r m o r e , if the c r o s s 

section of the N^*(n'*, n)Ni'^ react ion is a s s u m e d to be 50 mb, a value that 

seems reasonable from (a, p) and (a, n) c r o s s sect ions on light nuclei , 

these numbers yield the resu l t that the number of te t ra neutrons per fission 

is less than 2X 10"^. On the assumpt ion that the in terac t ion c r o s s section 

with the m o d e r a t o r nuclei is 1 b and the c r o s s section for producing N^"'' 
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In the s e c o n d e x p e r i m e n t , we looked for Mg2S p r o d u c e d by 

the A127(n4, H3)Mg28 o r Al27(n*, p2n)Mg28 r e a c t i o n . The Mg2S h a s the a d 

van tage of having a r e a s o n a b l y long ha l f - l i fe (21 hr) and a l s o of be ing f a r 

enough enough away f rom s tab le i so topes so that it cannot e a s i l y be p r o 

duced by n e u t r o n c a p t u r e by c o n t a m i n a n t s in the t a r g e t m a t e r i a l . A 1. 4 -g 

s a m p l e of v e r y p u r e Al was i r r a d i a t e d for 24 hr in a v e r t i c a l t h imb le in 

the c e n t e r of the c e n t r a l fuel e l e m e n t of C P - 5 . A r a d i o c h e m i c a l s e p a r a t i o n 

of Mg was then p e r f o r m e d . The Mg s a m p l e was counted wi th a 3 X 3 - in . 

Nal(Tl) s c in t i l l a t ion coun te r and the r e s u l t i n g s p e c t r u m was e x a m i n e d for 

ev idence of the 1. 35-MeV g a m m a f rom the decay of Mg2S and the 1. 78-MeV 

g a m m a from the A12S which would be in r a d i o a c t i v e e q u i l i b r i u m with Mg2S_ 

A sl ight i n c r e a s e was o b s e r v e d at 1. 35 MeV but no i n c r e a s e above b a c k 

ground was found a t 1. 75 MeV. On the a s s u m p t i o n that only t e t r a n e u t r o n s 

f rom the fuel e l e m e n t used can con t r ibu te and that the c r o s s s e c t i o n for 

p roduc ing Mg 26 is 40 mb, we conclude that the n u m b e r of t e t r a n e u t r o n s p e r 

f i s s ion is l e s s that 5 X 1 0 

Table I s u m m a r i z e s our r e s u l t s t o g e t h e r wi th known p r o b a b i l 

i t i es for emi t t ing o the r p a r t i c l e s in f i s s i on . 

These r e s u l t s m a y a l s o be u s e d to se t a l i m i t on the n u m b e r 

of p a r t i c l e - s t a b l e di neu t rons e m i t t e d in f i s s i on . In the f i r s t m e a s u r e m e n t 

one might p e r h a p s expect some ac t iv i ty f rom the O l ^ ( n 2 , p ) N l ^ r e a c t i o n 

f rom the O^^ i^ the luci te s a m p l e . Howeve r , the Q-va lue for th is is 

- 4 MeV and the re fo re it is not a v e r y s a t i s f a c t o r y t e s t . In the s e c o n d ex 

p e r i m e n t the A127(n2 p)Mg28 r e a c t i o n has a p o s i t i v e Q-va lue and t h e r e 

fore should be o b s e r v e d . The l ack of Mg^^ a c t i v i t y can be i n t e r p r e t e d a s 

showing that the n u m b e r of di n e u t r o n s in f i s s i o n h a s the s a m e l i m i t a s 

the one se t for t e t r a n e u t r o n s f rom this a c t i v i t y . T h i s l i m i t s e e m s to be 
4 

s e v e r a l o r d e r s of magn i tude below the va lue se t by e a r l i e r e x p e r i m e n t s 

4 

F . W. Penn ing and F . R. Holt, N a t u r e 165, 7 2 2 ( 1 9 5 0 ) ; A. J . 
F e r g u s o n and J . H. Montague , P h y s . R e v . 87, 2 1 5 ( 1 9 5 2 ) . 
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at tempting to detect di neutrons in fission, most ly because these looked 

for ac t iv i t ies induced by di neutron capture (for which the c r o s s sect ions 

would be cons iderab ly lower) and the m e a s u r e m e n t s were done in r e a c t o r s 

with lower neutron fluxes. 

1-55-13 Capture G a m m a - R a y Spectra for Neutrons with Energ ies 
from 0. 1 to 10 eV (51210-01) 

S. Raboy and C. C. Tra i l 

GAMMA RADIATION FROM NEUTRON 
CAPTURE BY DEUTERIUM 

E a r l i e r a t tempts to m e a s u r e the capture c r o s s section of 
1 

deuter ium were based on t r i t ium production or the diffusion of a neutron 
2 

beam in heavy wa te r . Since the c r o s s section is about 0. 5 mb, the d i rec t 

observa t ion of the capture gamma ray has been l imited to capture of 
3 

neutrons by the heavy water serving as modera to r in a r e ac to r . 
At the Argonne r e s e a r c h reac to r C P - 5 , we have a c lean 

4 5 

neutron beam from a cobalt m i r r o r , a scinti l lat ion s p e c t r o m e t e r which 

yields g a m m a - r a y spec t ra of good quality, and a shield which keeps the 

background in the s p e c t r o m e t e r quite smal l . This appara tus enables one 

to view the capture gamma ray from deuter ium di rec t ly . We repor t a 

m e a s u r e m e n t of the capture c r o s s sect ion relat ive to that for the proton. 

The m e a s u r e m e n t of the energy of the emit ted gamma ray is in p r o g r e s s . 

17 

1 

Louis Kaplan, G. R. Ringo, and K. E. Wilzbach, Phys . Rev. _8_7, 785 
(1952). 

2 
B. W. Sargent, D. V. Booker, P . E. Cavanagh, H. G. Hereward, and 

N. J . Neimi, Can. J . R e s e a r c h 25A, 134(1947). 
3 

B. B. Kinsey and G. A. Bartholomew, Phys . Rev. _80̂ , 918(1950) . 
4 

M. T. Burgy, V. E. Krohn, T. B. Novey, G. R. Ringo, and V. 
Telegdi , P h y s . Rev. 110, 1214(1958). 

s 
C. C. T r a i l and S. Raboy, Rev. Sci. Ins t r . 30, 425 (1959). 
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The n e u t r o n b e a m f rom the r e a c t o r i s r e f l e c t e d by a coba l t 
4 

m i r r o r and e n t e r s the sh ie ld ing a round the s c i n t i l l a t i o n s p e c t r o m e t e r . 

The a v e r a g e e n e r g y of the n e u t r o n beam is about 0. 01 eV a s m e a s u r e d by 

t r a n s m i s s i o n through gold. 

The c a p t u r e g a m m a r a y s e m i t t e d by the s a m p l e i r r a d i a t e d 

by this n e u t r o n b e a m a r e o b s e r v e d with two sc in t i l l a t i on s p e c t r o m e t e r s . 

Each s p e c t r o m e t e r c o n s i s t s of a c e n t r a l c r y s t a l 2. 5 in. in d i a m e t e r and 6 in. 

long coupled to a pho tomul t i p l i e r . The pu l s e s f rom e a c h of t he se c o u n t e r s 

a r e ana lyzed in one half of a 512-channe l a n a l y z e r . Two s e t s of da ta w e r e 

ob ta ined in which the p u l s e s from one coun te r w e r e a n a l y z e d by a l l 512 

c h a n n e l s . 

Around each c e n t r a l c r y s t a l is an annulus of Nal , 8 in. in 

d i a m e t e r and 12 in. long. E a c h annulus is v iewed by s ix p h o t o m u l t i p l i e r s 

whose anodes a r e connec ted in p a r a l l e l . If d e g r a d e d r a d i a t i o n e s c a p e s the 

c e n t e r c r y s t a l and l o se s as much a s about 30 keV in the annu lu s , the event 

is d i s c a r d e d e l e c t r o n i c a l l y . In this way the Compton d i s t r i b u t i o n and 

e s c a p e peaks a s s o c i a t e d with p a i r c r e a t i o n a r e s u p p r e s s e d . 

The sh ie ld ing a round the c o u n t e r s weighs 13 tons ; it is 

des igned to p r o t e c t the c r y s t a l s f rom n e u t r o n s and g a m m a r a y s in the r o o m . 

A cu taway view of the sh ie ld and S C I N T I L L A T I O N COUNTER S H I E L D 

TO ELECTRONICS 

Fig . 8. A cutaway view of the 
shield, showing one s c i n t i l l a 
tion s p e c t r o m e t e r . The neu
t ron beam is incident n o r m a l 
to the plane of the f i g u r e . 

one s p e c t r o m e t e r i s shown in 

F i g . 8. A s lot 2 in. wide and 7 in. 

high p e r m i t s the b e a m to p a s s through 

the sh ie ld . Excep t n e a r the a p e r t u r e 

of the c o u n t e r s , the s lo t is l ined 

with 5 in. of B o r a l to c a p t u r e 

s c a t t e r e d n e u t r o n s . The t a r g e t is 

p o s i t i o n e d in a n a l u m i n u m ho lde r 

in the c e n t e r of the sh ie ld . B e t w e e n 

the t a r g e t and each c o u n t e r is a 

sh ie ld of l i th ium c a r b o n a t e (1 in. 
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thick) enr iched to 95% Li^ and a lead col l imator 2 in. thick with a hole 

1.5 in. in d i ame te r . The lithium carbonate is contained in a Teflon shell 

with a wall thickness of about jg- in. Around each annulus is a 1-in. layer 

of enr iched li thium carbonate in an iron shel l . These shields a re enveloped 

in th ree more concentr ic cy l inders : 9 in. of lead, 1 in. of B C, and 6 in. 

of paraffin. Fo r s t ruc tu ra l r easons , an iron shell 10 in. in d iameter and 

1 in. thick forms the inner cavity which contains the counters and lithium 

carbona te . The ent i re shield is mounted on wheels so that it can be used 

with a neutron monochromator . 

The capturing sample consis ted of 120. 7 ± 0. 1 ml of D O to 

which was added 4. 20 ± 0. 10 ml of H O . The sample was contained in a 

Teflon cylinder 1. 75 in. in d iamete r and 4 in. high. The container wall 

was about YQ ^^. thick and the 

sample was held in place by an 

aluminum wire which was outside 

the a p e r t u r e of the spec t rome te r . 

The g a m m a - r a y 

spec t rum from one counter is 

shown in F ig . 9. The peaks at 

2. 2 and 6. 2 MeV a re emit ted as a 

resu l t of capture of neutrons by 

hydrogen and deuter ium, r e s p e c 

tively. The peak at 6. 8 MeV is 

a t t r ibuted to capture of neutrons 

in the Nal c rys t a l s and the peak at 

7.6 MeV is from capture by iron 

in the sur roundings . The gamma 

rays from iron and light water 

provide the energy ca l ibra t ion of 

the a b s c i s s a . The smal l hump 

X 

•"V. / 
^^\ 

6.2 MflV 

I 6.8MeV 

I 7.6 MaV 

10 ZD 3 0 4,0 5 0 6 0 70 SO 9 0 100 

ENERGY{M«V) 

Fig . 9, The g a m m a - r a y spec t rum 
fronn heavy wate r . These data 
were collected in about 18 hr . 

on the low-energy side of the deu te ron-cap ture line is a t t r ibuted to a 
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6-MeV t r a n s i t i o n in F e . The b a c k g r o u n d s a r e ob ta ined by r e p l a c i n g the w a t e r 

wi th a g r a p h i t e s a m p l e and n o r m a l i z i n g the s p e c t r a to the 6 . 8 - and 7 . 6 - M e V 

p e a k s . A typ ica l s p e c t r u m from graph i t e is shown in F i g . 10. 

By m e a n s of a 
6 

c h i - s q u a r e d m i n i m i z a t i o n me thod , 

the pho topeaks a s s o c i a t e d wi th the 

g a m m a r a y s a r e f i t ted to a G a u s s i a n 

of the f o r m 

2.2 MeV 
, H(n.rlH' 
^ •• 

*̂ . c°in.rlc' 

c%..lc° "'f"'" 

""^..^ 
1 Fe(n.r) 

" ^ • . 7.6 MeV 

1.0 2.0 30 40 5LO 6 0 7.0 90 aC 
ENERGY (MeV) 

F i g . 10. The g a m m a - r a y spec 
t r u m from g raph i t e . 

/-2-^Y 
y(x.) = a ^ e x p [^ ^ J + ''^ 

(1) 

w h e r e y(x.) is the n u m b e r of coun t s 

in channel x., a, is the p e a k a m p l i t u d e 
J ^ 

of the G a u s s i a n , Q^ i ts peak pos i t ion , 

a„ i ts width, and a any r e s i d u a l 

backg round . An e r r o r is c o m p u t e d 

for each p a r a m e t e r and the e r r o r s 

a r e n o r m a l i z e d for any d i f f e r ences 

be tween the \ of the fit and the )( 

r e p o r t e d for the c a l c u l a t i o n . Tab le II 

g ives a se t of r e s u l t s for a t yp ica l 

s p e c t r u m . 

The p roduc t a, a^ is p r o p o r t i o n a l to the a r e a of the 

G a u s s i a n and hence p r o p o r t i o n a l to the yie ld of the g a m m a r a y . If we 

a s s u m e this g a m m a ray is emi t t ed a f te r each n e u t r o n c a p t u r e , the c a p t u r e 

c r o s s sec t ion cr of deu t e r ium m a y be c a l c u l a t e d f rom the r e l a t i o n 

R. Ju lke , J . E. Monahan, S. Raboy, and C. C. T r a i l , A r g o n n e 
Nat ional L a b o r a t o r y Top ica l R e p o r t A N L - 6 4 9 9 (unpub l i shed) . 



TABLE II. P a r a m e t e r s for the Gauss ian in Eq. (2). These were 
obtained with a c h i - s q u a r e d minimiza t ion calculat ion. 

G a m m a - r a y i 2 
energy (MeV) (counts) (channel) (channel) (counts) Calc . Expected 

2.2 (2. 213 ± 0.006) X lOS 58. 018 ± 0 . 0 0 3 1.780 ± 0 . 0 0 4 187 ± 1 6 7 5.8 3 

6 .2 1820 ± 53 164. 50 ± 0 . 1 0 3. 20 ± 0 . 1 8 -130 ± 5 2 0.9 3 
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r ^ 
H j ( a , a 3 ) ^ 

(PE)^ 

I P E L 
(2) 

w h e r e the s u b s c r i p t s D and H r e f e r to d e u t e r i u m and h y d r o g e n , a^ and a^ 

are a s defined above , N is the n u m b e r of a t o m s in the s a m p l e , P E is the 

photoeff ic iency of the c r y s t a l , and T is the t r a n s m i s s i o n of the g a m m a 

r a y th rough the 1-in. t h i cknes s of the l i th ium c a r b o n a t e s h i e l d and one half 

the t h i cknes s of the w a t e r s a m p l e . We c a l c u l a t e that T ^ / T ^ = 0. 92 and 

e s t i m a t e an u n c e r t a i n t y of 0. 03 . The pho toe f f i c i enc ies a r e c a l c u l a t e d by 

a Monte C a r l o method. '^ The r a t i o ( P E ) j ^ / ( P E ) ^ is c a l c u l a t e d to be 

2. 26 ± 0. 11, the u n c e r t a i n t y a r i s i n g from the s t a t i s t i c a l u n c e r t a i n t y of the 

Monte C a r l o ca lcu la t ion and the p o s s i b l e s y s t e m a t i c u n c e r t a i n t i e s of the 

ca l cu la t ion . The r a t i o N /N is 3 .866 X 1 0 ' . 
H LJ 

Table HI s u m m a r i z e s the r a t i o s of the a r e a s for s ix m e a s u r e -

T A B L E III. Rat io of the a r e a s of the c a p t u r e g a m m a 
r a y s from hydrogen and d e u t e r i u m . 

(a^ a 
Run No. 

3 ' D 

( ° - I ' ^ 3 ) H 

358 

364 

380 

381 

382 

383 

Weighted a v e r a g e 

1. 48 ± 0. 19) X 10 

1. 47 ± 0. 11) X l o " 

1. 34 ± 0. 08) X 10 

1. 28 ± 0. 08) X 10 

1.48 ± 0. 16) X l o " 

1. 29 ± 0. 12) X 10 

1. 35 ± 0. 04) X l o " 

Gladys White G r o d s t e i n , U. S. Na t iona l B u r e a u of S t a n d a r d s C i r c u l a r 583. 
8 

W. F . M i l l e r and W. J . Snow, R e v . Sc i . I n s t r . 3j_, 39 ( I960) , and 
p r i v a t e c o m m u n i c a t i o n . 
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m e n t s . A weighted ave rage of these r e su l t s gives (a^^a^) /(a^a^) = 

( 1 . 35 ± 0. 4) X 10"^. We then use Eq. (2) to combine this r e su l t with 

the other p a r a m e t e r s mentioned above. The resu l t is (r-_/o-„ = (10.9 ± 0.8) 

X l O " * . If we a s s u m e that 0- = 332 ± 2 m b , then o- = 0. 362 ± 0. 026 m b . 
H 2 

P rev ious m e a s u r e m e n t s have repor ted 0. 46 ± 0.11 mb and 0.57 ± 0.01 
1 

m b . 
A m e a s u r e m e n t of the energy of the t rans i t ion is in p rog-

S. P . H a r r i s , C. O. Muehlhause , D. R o s e , H. P . Sch roede r , G. E . 
T h o m a s , J r . , a n d S . Wexle r , P h y s . Rev. 9i_, 125(1953). 
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II. MASS SPECTROSCOPY 

I I -23 -2 Sputtering Exper iments in the Rutherford Collision Region 
(51300-01) 

M. Kaminsky 

ATOMIC COLLISION SEQUENCES IN THE LATTICES OF METAL 
MONOCRYSTALS BOMBARDED WITH IONS IN THE 

RUTHERFORD COLLISION REGION 

In the exper iments descr ibed , the (100) planes of copper 

monocrys ta l s w e r e bombarded with deu te rons . The angles of incidence 

ranged from 0 to 45 from the normal and the energies from 0. 10 to 

0. 25 MeV (from Cockroft-Walton gene ra to r s ) and from 0. 70 to 2. 0 MeV 

(from a Van de Graaff). In this energy range the energy of an incident 

ion is high enough that the coll ision can be t r ea ted in t e r m s of the Cou

lomb repulsion between the nuclei (Rutherford coll is ion). The par t ic les 

back sput te red from the ta rge t were collected on a quar tz cyl inder s u r 

rounding the t a rge t . Details of the exper imental a r r angemen t have been 
1,3 

repor ted e a r l i e r . 
It has been possible to es tab l i sh the existence of p re fe r r ed 

3 

ejection d i rec t ions in the back sputtering of target pa r t i c les for the 

Rutherford col l is ion region, despi te the fact that the mean free path of 

the incident par t ic le is of the o rde r of severa l thousand a n g s t r o m s . In 

con t ras t to the cosine dis t r ibut ion to be expected if the mechanism were 

evaporat ion of ta rge t ma te r i a l from a hot spot or a heated spike along the 

path of the incident ion, as predic ted by some theore t ica l t r e a t m e n t s , a 

M. Kaminsky, P h y s . Rev. 126, 1267 (1962). 
2 

M. Kaminsky, Phys ics Division Summary Report ANL-6488 (January 
1962), p . 3. 

3 
In back sput ter ing, the target pa r t i c les leave from the surface which 

is s t ruck by the incident ion beam, while in forward sputter ing they leave 
from the opposite surface [M. W. Thompson, Ph i l . Mag. 4, 139 (1959)] . 
In the la t te r c a s e , however , the ra t io of the ta rge t th ickness to the range 
of the incident pa r t i c les becomes an impor tant p a r a m e t e r in the t a r g e t -
par t i c le ejection in t r ansmiss ion . 
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O [ n o ] direction 

e [iOO] direction 

• [112] direction Slot in 
Quartz 

la lb 

F i g . 11 (a) S t e r e o g r a p h i c p ro jec t ion of a f a c e - c e n t e r e d - c u b i c l a t t i c e 
onto a plane p a r a l l e l to a (100) l a t t i ce p l a n e . The f igu re shows 
only the [110] , [100] , and [112] d i r e c t i o n s . Those co inc id ing 
with the 90° c i r c l e a r e omi t ted , (b) A u t o r a d i o g r a m showing the 
p a t t e r n of p r e f e r r e n t i a l e jec t ion d i r e c t i o n s when a Cu(lOO) s u r 
face is b o m b a r d e d with 125-keV d e u t e r o n s inc ident a t 3 1 ° . M o s t 
of the depos i t is in the four [110] spo t s , the [1 10] spot being the 
d e n s e s t , while the [110] spot is p a r t i a l l y hidden by the s lot in 
the q u a r t z . 

d i s t inc t spot pa t t e rn is o b s e r v e d (F ig . 11). The four ma in s p o t s , c o r 

responding to the [110] d i r e c t i o n s , w e r e consp icuous at a l l the an g l e s of 

i nc idence . Addi t ional spots c o r r e s p o n d i n g to the [112] and [100] c r y s t a l 

d i r e c t i o n s were a l so obse rved throughout the i n v e s t i g a t e d r a n g e of an g l e s 

of inc idence , but t h e i r dens i t i e s w e r e s m a l l e r than t hose c o r r e s p o n d i n g 

to the [110] d i r e c t i o n s . With i n c r e a s i n g angle of i n c i d e n c e , the d e p o s i t s 

c o r r e s p o n d i n g to the [112] and [100] d i r e c t i o n s b e c a m e l e s s d e n s e . 

Opt ica l t r a n s m i s s i o n m e a s u r e m e n t s of the d e p o s i t s r e v e a l e d tha t for ions 

incident at 45 a p p r o x i m a t e l y 75% of the s p u t t e r e d m a t e r i a l is in the four 

main spots ([110] , [UO] , [101] , and [Toi] spo ts ) and about 60% for ions 

incident at 25 . 

Another s igni f icant o b s e r v a t i o n was the i n c r e a s i n g a s y m 

m e t r y in the dens i t i e s of the four spots as the ang le of inc idence a i n c r e a s e d . 

This s e e m s to indicate an a n i s o t r o p y in the m o m e n t u m d i s t r i b u t i o n of the 
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p r i m a r y r eco i l a t o m s , in contradict ion to recen t predict ions of Nelson and 
4 

Thompson. For ins t ance , as the direct ion of incidence approaches the 

[ U O ] direct ion (6—45 ), the density of the spot corresponding to the 

[ 110] d i rec t ion i n c r e a s e s re la t ive to the densi t ies of the [101] and [101] 

s p o t s , as shown in F ig . U (b) for 6 = 31 . At 0 = 45 , the density of the 

[ UO] spot is about 1. 8 t imes that of the other two. The method used 

he r e s eems to offer a new tool to study the momentum dis t r ibut ion of 

p r i m a r y r eco i l a t o m s . 

The sputtering ra t io (sput tered par t ic les per incident ion) 

depends s trongly and in a complicated way on the angle of incidence. In

stead of increas ing monotonically with increas ing 9, it drops at cer ta in 
o o 

ang le s . For example , near 6 = 45 it drops to about the value at 0 but 

the in tens i t ies in the deposi ts of corresponding spots a r e different for the 

two a n g l e s . Optical t r a n s m i s s i o n m e a s u r e m e n t s (Fig. 12) show that the 

dis t r ibut ion in an individual spot is 

Gauss ian , not cos ine , and near ly 

independent of the angle of incidence. 

This resu l t indicates that the r e 
cently suggested mechan i sm of 

5 

sputtering by heated spikes is of 

no major impor tance in these 

expe r imen t s . 

The exper iment 

c lear ly es tabl i shes the existence of 

p re fe r r ed ejection di rect ions in 

"back sput ter ing" for the Rutherford 

collision reg ion , in which the sput

t e red pa r t i c l e s a r e ejected from the 

surface s t ruck by the incident 

ions . This r e su l t is surpr i s ing 
R. S. Nelson and M. W. Thompson, P r o c . Roy. Soc. A259, 458(1961) , 

pa r t i cu l a r ly p. 468. 

^M. W. Thompson and R. S. Nelson, Phi l . Mag. ]_, 2015 (1962). 

F i g . 12. Density dis t r ibut ion in 
an individual [UO] spot. The 
deposit of pa r t i c l e s was sput
t e r e d from a Cu(lOO) plane by 
bombardment with 125-keV D+ 
ions under no rma l inc idence . 
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s ince the incident p a r t i c l e has a m e a n f ree pa th X of s e v e r a l t h o u s a n d 

a n g s t r o m s in the t a r g e t c r y s t a l ( e . g . , for 500-keV D on Cu , X ~ 8000 A ) , 

so that the d i s p l a c e d t a r g e t a t o m s m u s t u n d e r g o m a n y c o l l i s i o n s b e f o r e 

they e s c a p e from the l a t t i c e . All p r e v i o u s e x p e r i m e n t s on the p r e f e r r e d 

d i r e c t i o n s of back spu t t e r i ng have been in the h a r d - s p h e r e c o l l i s i o n 

r eg ion ; and the m e a n f ree pa ths of the inc iden t ions have been 2 — 3 o r d e r s 

of magn i tude s m a l l e r than in the p r e s e n t e x p e r i m e n t . B e c a u s e of t h e s e 

sho r t r a n g e s , the o b s e r v e d e jec t ion p a t t e r n s a r e not p r o p e r l y a p p l i c a b l e 

as t e s t s of the ex tended focused co l l i s ion s e q u e n c e s p o s t u l a t e d in the 
7 8 4 , 5 , 9 ,10 

m o d e l s of S i l s b e e , Gibson et al_. , T h o m p s o n e_t ad. , L e i b f r i e d 
11-14 Ts 

et a l . , and Oen et a l . 

G. S. A n d e r s o n a n d G . K. W e h n e r , J . App l . P h y s . 3J_< ^305 ( I960 ) ; 
M. Koedam and A. Hoogendorn , P h y s i c a (den Haag) _26̂ , 35 1 ( I960) ; M. 
W. Thompson and R. S. Ne l son , A E R E - R 3320 {1960); R . S. N e l s o n and 
M. W. Thompson , P h i l . Mag . !_, 1425 (1962), P h y s . L e t t e r s _2, 3 , 124 
(1962); V . A . Molchanov, V. G. Te lkovsk i i , I z v e s t . Akad . Nauk SSSR 26, 
1359 (1962). F o r m o r e r e f e r e n c e s , the r e a d e r is r e f e r r e d to a r e v i e w 
a r t i c l e on spu t te r ing conta ined in a m o n o g r a p h by M. K a m i n s k y , A t o m i c 
and Ionic Impac t P h e n o m e n a on M e t a l Su r f ace s ( S p r i n g e r - V e r l a g , B e r l i n , 
in p r e s s ) . 

R. H. S i l s b e e , J . Appl . P h y s . Z8_, 1246 (1957). 
B 

J . B . Gibson, A. N. Goland, M . M i l g r a m , and G. H . V i n e y a r d , 
P h y s . R e v . ^ , 1229 ( I960) . 

9 
M. W. Thompson , P r o c . Fif th I n t e r n a t i o n a l C o n f e r e n c e on I o n i z a 

t ion of G a s e s , Munich, 1961. 
10 

M. W. Thompson , P h i l . Mag . 5_, 51 278 ( I 9 6 0 ) . 
1 1 

G. Le ib f r i ed , J . Appl . P h y s . 2 £ , 1388 (195 9). 
12 

G. Le ib f r i ed , J . Appl . P h y s . 31 , 117 (1960) . 
13 

C h r . L e h m a n and G. Le ib f r i ed , Z . P h y s i k 162, 2 0 3 ( 1 9 6 1 ) . 
14 "~~" 

P . H. D e d e r i c h s a n d G . Le ib f r i ed , Z . P h y s i k 170, 320 (1962). 
15 

O. S. Oen, D. K. H o l m e s , and M. T . R o b i n s o n , J . Appl . P h y s . 34, 
302 (1963). 



11-23-2 29 

In such a model as applied to the Rutherford collision region, 

the incident par t ic le undergoes Coulomb coll is ions with the nuclei of the 

t a rge t a toms along its path and displaces them from thei r lat t ice si tes as 

" p r i m a r y knock-ons . " If the mean energy of the p r i m a r y knock-ons ex

ceeds the d isp lacement energy of a lat t ice atom (about 25 eV for Cu, about 

21 eV for Ag), then they in turn suffer h a r d - s p h e r e coll is ions with neigh

boring la t t ice a toms and produce secondary d i sp lacemen t s . Such s u c c e s 

sive col l is ions continue until the energies of the displaced atoms fall to 

about the d isp lacement energy . Some of these displaced atoms may reach 

the surface and escape . The accepted belief has been that lat t ice par t ic les 

displaced by Rutherford coll is ions would undergo so many coll isions before 

leaving the surface that they would leave in random d i rec t ions , con t r a ry to 
7 

the resu l t repor ted h e r e . However, Silsbee has pointed out that in a 

monocrys ta l r egarded as rows of equal hard sphe re s , momentum may be 

focused along a line of a toms in a c lose-packed c rys t a l d i rec t ion . 

F igure 13 shows schemat ica l ly such a line of hard and 

equal spheres along the x ax i s , 

with D as the spacing between 

the cen te r s of the spheres along 

such a line (the subscr ip ts h , k , i 

a re Mil le r indices) . The d i ame te r 

d of a sphere is taken equal to the 

distance of c loses t approach of the 

atoms in a head-on col l is ion. If 

two spheres collide at the coll is ion 

point P , the knocked-on second 

sphere moves in the direct ion PC 

making an angle 9 with the x axis since momentum is t r a n s f e r r e d only in 

the d i rec t ion of the radius vector between the centers of the two s p h e r e s . 

The incident atom boundes off perpendicular to the di rect ion PC , F o r 

F ig . 13. Schematic i l lus t ra t ion 
of Si lsbee 's mechanism for the 
propagation of an energy pulse 
along a c lose-packed line of 
hard s p h e r e s . 
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s m a l l va lues of the angle 9o b e tween the x ax i s and the m o m e n t u m of the 

inc iden t a t o m , the r e l a t i on be tween 6^ and 0o can be shown to be 

' ( ¥ - •)• (1) 

Si l sbee focusing o c c u r s w h e n e v e r i = 9 16 < 1 o r , in o the r w o r d s , 
° n+i n 

w h e n e v e r D /d < 2; the s u c c e s s i v e ang les b e c o m e m o n o t o n i c a l l y 
hk£ 

s m a l l e r . The final r e s u l t is a s e q u e n c e of h e a d - o n c o l l i s i o n s wi thout 

any change of ang le , and e n e r g y l o s s e s along the cha in m a y be n e g l e c t e d . 

In th is c a se the co l l i s i ons do not d i s p l a c e the l a t t i ce a t o m s f rom t h e i r 

o r i g ina l equ i l i b r ium pos i t ions and no m a s s t r a n s p o r t o c c u r s . 

In the c a s e of the Cu m o n o c r y s t a l in the p r e s e n t i n v e s t i 

ga t ion , S i l s b e e ' s focusing condi t ion f <C 1 is fulf i l led only for the m o s t 

d e n s e l y - p a c k e d c r y s t a l d i r e c t i o n s of such a f a c e - c e n t e r e d cubic c r y s t a l , 

the [UO] d i r e c t i o n s . T h e s e a r e in fact the c r y s t a l d i r e c t i o n s in which 

the p r e s e n t e x p e r i m e n t shows the s t r o n g e s t s p u t t e r i n g effect ( F i g . 11). 

A focusing e n e r g y E below which S i l sbee focus ing o c c u r s , can be d e 

f ined as the e n e r g y at which i = 6 16 = 1 and D . / d = 2. If a 
n+1 n hW 

B o r n - M a y e r r epu l s ive po ten t i a l e n e r g y E = A exp ( - a / r ) is a s s u m e d 
9 

to c h a r a c t e r i z e the i n t e r ac t i on be tween two ion c o r e s in the l a t t i c e , then 
t h e i r d i a m e t e r (taken as t h e i r d i s t a n c e of c l o s e s t a p p r o a c h in a h e a d - o n 
col l i s ion) is given by 

d = a In (2A/E) (2) 

and the focusing ene rgy in the [UO] d i r e c t i o n is 

„ 1 1 0 2 A exp ( - D j ^ p / 2 a ) . (3) 

Thompson , using A = 20 keV and a = D / 1 3 f rom da ta for the c o m p r e s -
1 6 

s ib i l i ty of c o p p e r , obta ined E = 60 eV, whi le the m a c h i n e c a l c u l a t i o n s 
8 

of Vineya rd £t̂  al_. led to only E,. = 30 eV. 
f 

1 6 

H. B. Huntington, P h y s . Rev . 93 1414(1954) 
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11 7 a 

Leibfr ied, Thompson, and Gibson et a l . showed that 

the energy at tenuation in such focused collision sequences is due to in te r 

action with a toms in adjacent c lose-packed l ines . By moving along a [ UO] 

d i rec t ion in a fee c r y s t a l , the atom shor tens the dis tance between itself 

and four a toms (denoted in F ig . 14 

as B^, Bg, Bg , and B^) in neigh

boring l ines . The resul t ing i nc rea se 

in the repuls ive potential leads to an 

[110] DIRECTION 

Fig . 14. Schematic i l lus t ra t ion of 
a h a r d - s p h e r e collision chain 
along the [UO] direct ion in a 
fee c rys t a l . 

energy loss for which repor ted values 
2 

vary between — and 1 eV per co l l i s -
8 4 

ion. ' 

On the bas i s of their 

e s t ima tes of the focusing energy and 

the energy loss per col l is ion, Nel-
4 

son and Thompson calculated that 

the range r of such focused collision 

sequences in the [UO] direct ion is about 206 A. This es t imate of r seems 

too low since mos t of the more energet ic p r i m a r y knock-ons in the p resen t 

exper iment (and a l so the l ess energet ic secondary knock-ons which 

eventually lead to a tomic collision sequences) a r e produced severa l 

thousand a n g s t r o m s below the sur face . This becomes even m o r e convin

cing if one cons iders that in the investigated range of ion energ ies the 

secondary knock-ons a r e m o r e numerous than the p r i m a r i e s . For 

ins t ance , for the case of 500-keV deuterons incident on copper the a v e r 

age number v oi secondary knock-ons per p r i m a r y knock-on is about 

4. 3 , as can be calculated on the bas i s of an express ion given by Seitz and 
17 

Koehler . (The la t te r r e su l t is indicated by the absolute values of the 
1 

sputter ing ra t io and i ts energy dependence in this energy r ange . ) The 
r e su l t s would also be changed substant ia l ly if other constants were used 

F . Seitz and J. Koeh le r , Solid State P h y s i c s , edited by F . Seitz and 
D. TurnbuU (Academic P r e s s , I n c . , New York, 1956), Vol. 2, p . 307. 
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in the Born-Mayer potential. The choice of a steeper potential (smaller 

value of a) would give a markedly longer range. 

Fur thermore , the present observations of preferred 

ejection directions corresponding to [112] and [100] directions cannot 

be explained by the Silsbee focusing mechanism since in these directions 

the spacings D, and D, , , are so large that the values of E and r a re 
^ o i O O 1 1 1 ° f 

insignificant. However, these results may be explained by a different 
8 

"lens focusing" mechanism suggested by Vineyard and his co-workers . 

According to these authors, momentum focusing in a fee lattice is possi

ble also in other close-packed crystallographic directions when the inter

action of next neighboring atoms is taken into account. For instance, if 

an atom A moving at a small angle 0 to the [ 100] direction (Fig. 15) 

. [100] 

(a) 

(b) 

Fig. 15. Schematic illustration of the "lens-focusing" effect predicted 
^ 7 ^ ? ^ , " - - - <'^^^"'="" 8)- (a) Hard-sphere collision chain along 
the [ 100] direction in a fee crystal , (b) "Lens focusing" in the [ 100] 
direction m a fee crystal [based on Nelson and Thompson (reference 4)] , 

passes through a ring of 4 neighboring atoms B^, B^, B^, B^ in a (100) 

plane, it undergoes a deflection + before hitting the next atom A^ in the 

[ 100] direction. Such a ring of atoms in the (100) plane surrounding the 
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[ 100] d i rec t ion may be t r e a t e d as a converging lens with a focal length 

given (for sma l l values of 9^} by f K J a (6 /ij/), where a is the lat t ice 

constant and \\j = 9j_ - 9^ • This "lens focusing" mechan i sm is energe t ica l ly 

l e s s efficient than S i l sbee ' s h a r d - s p h e r e focusing and would be expected to 

become impor tan t only at higher e n e r g i e s . Using an i te ra t ive computing 
2 

method , Vineyard et a l . found that in a fee lat t ice the effectiveness of 

a tomic coll is ion sequences d e c r e a s e s in the o rde r [ UO] , [ U l ] , [ 1 0 0 ] , 

a r e su l t which is in quali tat ive ag reemen t with our exper imenta l observa t ion . 

A forthcoming r epo r t will desc r ibe s imi la r r e su l t s for a 

(100) plane of a s i lver m o n o c r y s t a l . Other invest igat ions that have been 

conducted include m a s s s p e c t r o m e t r i c invest igat ions of the species of 

spu t t e red t a r g e t p a r t i c l e s , e lec t ron mic roscop ic s tudies of the ionic e tch

ing effect of h igh-energy ions on me ta l monocrys ta l l ine s u r f a c e s , and the 

dependence of the sputter ing ra t io on the energy and the type of the incident 

ion for the Rutherford coll ision region . 
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v . THEORETICAL PHYSICS, GENERAL 

V - 4 9 - 1 . Low-Energy P ion-P ion Scat ter ing (51151-01) 

Kenneth Smith (AMD) and Jack L. Uretsky 

This calculat ion s t a r t s with the pa r t i a l -wave d i spers ion 

re la t ions for pion-pion sca t te r ing as deduced from the Mandels tam r e p r e 

sentat ion for the sca t te r ing ampli tude. The contribution of the "left-hand 

cut" was ca lcula ted from \<j>* per turba t ion theory (to second o rde r in X). 

The s-wave and p-wave ampli tudes were obtained numer ica l ly and found 

to ag ree c lose ly with those obtained by Chew , Mandels tam, and Noyes 

who p roceeded from a different viewpoint. 

A r e p o r t on this work has been p r e p a r e d for publication. 

V - 5 0 - 1 . Reflect ion of a Plane Sound Wave from a Sinusoidal 

Surface* (51300-01) 

Jack L. Ure tsky 

We cons ider the problem of a plane acoust ic wave ref lected 
from a two-d imens iona l , s inusoidal ly shaped surface on which the p r e s -

1 
sure van i shes . The following pa rag raphs contain a brief descr ip t ion of 

the technique of solution, and the accompanying f igures compare the 
2 

r e s u l t s with the exper iment of La Casce and Tamark in . A more com

plete d i scuss ion of this marve lous ly complex problem is in p repa ra t ion . 

A cons ide rab le p a r t of this work was done at the Marine Phys ica l 
Labo ra to ry of the Scr ipps Inst i tute of Oceanography, Univers i ty of Ca l i 
fornia , San Diego. 

This p rob lem was stated, and inco r rec t ly t rea ted , by Lord Rayleigh, 
Theory of Sound (Dover Publ ica t ions , I n c . , New York, 1945), Sec. 272a. 
A good bibl iography of subsequent work pr io r to 19 58 is contained in the 
rev iew a r t i c l e by lu. P . Lysanov, Soviet P h y s . Acoust ics J , 1(1958). 

E. O. La C a s c e , J r . , a n d P . Tamark in , J . Appl. P h y s . £7 , 138 
(1956) . 
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Formally, we are concerned with the solution of the integral 
3 

equation obtained from 

^(x,y) = 4'i(x,y) + i i /"d- 'Ho(^U- ' -^ ' - ' l>*^" ' ' ' " 
- 00 

by putting the y coordinate on the bounding surface where the left-hand 

side vanishes. The quantity H (̂x) is the usual Hankel function of the first 

kind. The bounding surface is 

y = n(x) = b cos p X, ('•I 

and r' refers to an arbitrary point on the surface with coordinates [x', ri(x')] . 

The quantity 4)(x') is related to the normal derivative of the velocity poten

tial i|j(x, y) evaluated at the reflecting surface, and the incident wave is given 

by 

+ĵ (x, y) = exp i k [\^x - |x^y] (3) 

This defines the notation for the wave number k and the direction cosines 

\ and u . 

The crucial step in the present formulation of the problem 

is to recognize that <|)(x) admits of a Fourier series representation 

00 

4)(x) = k YJ i'"' A- exp[ ik( \ + jp /k )x ] = k ^ i"^ A. exp(ikX.x), (4) 
j = -oo j 

so that the i n t e g r a l equat ion obta ined f rom Eq . (1) can be t r a n s f o r m e d into 

an infinite se t of l i nea r equat ions 

I M^. A. = ( - ! ) " J ^ ( b k ^ ^ ) . (5) 
J - - 0 0 

3 

P. M. Morse and H. Feshbach, Methods of Theoretical Physics 
(McGraw-Hill Book Co. , Inc., New York, l953Xpp. 811 ff. 
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The (complex) m a t r i x e lements M . a r e given bv 
nj * ' 

1 °° i °° 1 
^ n j = " ' ^ ' ' * " TJ (-^> / d t ( t 2 - ^ L ^ 2 ) " J ^ _ ^ ( b k t ) J ^ _ . ( b k t ) , (6) 

.̂  = - 0 0 - 0 0 

where the J,(x) a r e the usual Besse l functions and |j. is the sine of the 

graz ing angle of the_{_th-order ref lect ion coefficient and is given by 

The \ were defined in Eq. (4). 

Final ly , the physical ly in te res t ing quanti t ies (the r e f l ec 

tion coefficients for the var ious o r d e r s of reflection) a r e de te rmined 

fronn the boundary coefficients A. by use of the re la t ion 

j = -oo 

The major complicat ion of the problem (other than the 

usual difficulties a s soc ia ted with invert ing infinite m a t r i c e s ) is in the 

calculat ion of the nnatrix elennents M ., For fixed i in the sumnnation 

of Eq, (6), the in tegra l nnay be shown to be 

-i(2K^)"' J „ . / ^ k ^ i > \.j'''°^^i^ + C l̂̂ ) ^ i , j'^^^^l^i*- <9) 

t 
The function R .(x) is a genera l iza t ion of the hypergeometric function. 
Most previous attempts to solve this p rob lem have involved approx ima-

l 
tions that ignore the contribution of the real function R .. It was i n t e r -

nj 
esting to l e a rn that if one a t tempted to evaluate this contr ibut ion to M . 

nj 

as a power s e r i e s in p / k (Rayleigh 's approximat ion) then every t e r m of 

the expansion vanished ident ica l ly . 

The set of equations (5) was solved numer ica l ly with the 

aid of the Argonne IBM-704 and the Univers i ty of Cal ifornia (San Diego) 
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CDC-1604 computers. The technique was the standard one of starting 

with a 1 X 1 matrix (the central element) and then increasing the size 

step by step until the values of the low-order reflection coefficients had 

"converged. " A "goodness of solution" criterion was provided by com

puting the value of 

zv/^ (10) 

Conservation of flux requires that this quantity have the value unity. 

Figures 16-19 show the comparison between the experi -
2 

mental results of La Casce and Tamarkin and the calculation described 

here. The general trend of agreement seems to be encouraging. Un

fortunately, the nature and the description of the experiment are such 

that a detailed analysis of the extent of the agreement is not possible 

since no basis is yet available for discussing the precision or the neces

sity of corrections to the experiment. 

I am indebted to 

Dr. F . N. Spiess for the repeated 

hospitality of the Marine Physical 

Laboratory, and to Mr. R. Morell 

of Argonne for some of the p ro 

gramming. 
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Fig. 16. The reflection coefficient 
R^ for normal incidence. The 
parameters of the reflecting 
surface a re , from top to bottom, 
b = 0. 32, 0. 24, and 0. 15 cm and 
p = 6. 64, 3. 12, and 3. 08 c m ' ^ . 
The dashed curve represents the 
predictions of Rayleigh's theory 
and is taken, along with the ex
perimental points, from refer
ence 2. The solid curve shows 
the present calculation. 
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F ig . 17. The same as F ig . 16 
except that the angle of incidence 
is 40° from the no rma l . 
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ward ref lect ion coefficient R_. 
for 40° incidence. Otherwise 
the caption of F ig . 18 appl ies . 
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V-52-1. Coupled-Channel Approach to J = f Resonances in the 
Unitary-Symmetry Model (51151-01) 

A. W. Martin and K. C. Wali 

The p partial-wave amplitudes for pseudoscalar meson-
3 / 2 

baryon scattering have been analyzed in all isotopic-spin and strangeness 

states. In analogy with pion-nucleon scattering, the assumption is made 

that the single-baryon-exchange graph provides the dominant force in this 

partial wave, but a coupled-channel formalism is employed in which all of 

the two-particle channels are included. A relativistic scattering matrix 

for each state is constructed by a matrix formulation of the N/D method 

so that it satisfies the requirements of unitarity and symmetry. Being 

fully relativistic, unlike the static model, the theory does not contain ad

justable cutoff parameters . Other than the known masses of the mesons 

and baryons, the Yukawa-type meson-baryon coupling constants are the 

only parameters that enter into the calculation. 

The octet model of Gell-Mann and Ne'eman is used to define 

the coupling constants in terms of a single parameter f and the experiment

ally measured pion-nucleon coupling constant. In an "equal mass" ap

proximation it is shown that the requirement that resonances occur in the 

ten-fold representation of the unitary-symmetry group, corresponding to 

the N* (T = 3/2, S = 0), Ŷ *̂ (T = 1, S = -1), the recently observed H* 

(T = 1/2, S = -2), and a yet-to-be-discovered Z (T = 0, S = -3), is sa t i s 

fied by f in the range 0. 15 < f < 0. 56. For this range of values no other 

resonances in the P3/^ state are predicted, except possibly one in the 

unitary singlet (T = 0, S = -1) representation. 

It is found that incorporating the actual part icle masses , 

in order to determine the locations and widths of the resonances, modifies 

the allowed range for f only slightly. Moreover, the predicted widths are 

in good agreement with the experimental values, although the predicted 

resonance locations are uniformly too high by roughly a pion mass . In 
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the evaluation of these quant i t ies , f was taken to be 1/4, which co r re sponds 

to the nnaxinnunn a t t rac t ion in the ten-fold r ep resen ta t ion in this model . 

Two pr innary conclusions can be drawn fronn these cons ide r 

a t ions . F i r s t l y , no bas ic incons is tency in the octet model of the s t rongly 

in te rac t ing p a r t i c l e s has ennerged in this dynannical calculat ion. On the 

con t r a ry , the agreennent with experinnent is su rpr i s ing ly good in view of 

the sinnplicity of the dynamic nnodel employed. Secondly, the linnited 

range of acceptable values of the paranneter f p red ic t s values of the Yukawa-

type coupling cons tan ts which nnay be checked exper imenta l ly . An additional 

quest ion of i n t e r e s t fronn the point of view of the octet model is the expe r i 

nnental deternnination of the sp in -pa r i ty of the Y resonance at 1405 MeV. 

A connplete desc r ip t ion of the calculat ion will appear in the 

June 15 i s sue of the Phys ica l Review. 
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PERSONNEL CHANGES IN THE ANL PHYSICS DIVISION 

NEW MEMBERS OF THE DIVISION 

Resident R e s e a r c h Assoc ia tes 

D r . Bhalchandra M. Udgaonkar , Tata Insti tute of Fundamenta l R e s e a r c h , 

Bombay , India. Boo t s t r ap calculat ions of resonances and 

bound s t a t e s . Came to Argonne on Apri l 22, 1963. (Host: 

M. Peshk in . ) 

Student Aide (Co-op) 

M r . B r e n t B lumens te in , Univers i ty of F l o r i d a . Working with R. O. Lane 

on ana lys i s of data on neutron sca t t e r ing . Came to ANL on 

Apr i l 29, 1963. 

Technician 

M r . Ralph Waldhauser joined the Phys ics Division on Apri l 26, 1963 as 

a R e s e a r c h Technic ian (Junior) to work with Jack Wallace. 

S e c r e t a r y 

M r s . M a r g a r e t I som re tu rned to the Phys ics Division on March 1, 1963 

as the Phys i c s Division s e c r e t a r y . 



52 

DEPARTURES 

Dr. Charles E. Johnson, resident research assoc ia te , has been at 

Argonne since September 10, 1962. He collaborated 

with G. J. Perlow on the Mossbauer effect. He t e r 

minated at ANL on April 16, 196 3 to re turn to A. E. R. E. , 

Harwell, England. 

Dr. James A. Weinman, associate physicist, has been at Argonne since 

January 18, I960. He has worked on the excited states 

of light nuclei (Project 1-21), mostly at the 4. 5-MeV 

Van de Graaff. He terminated at ANL on March 15, 1963 

to go to the Department of Meteorology, University of 

Wisconsin, Madison 6, Wisconsin. 

TRANSFERS 

Mr. Charles Perko has t ransferred to Central Shops. He left the Physic 

Division on February 18 , 1963. 

Mrs . Catherine Yack t ransferred to LDO on March 1, 1963 to continue 

as secre tary to Dr . Morton Hamermesh . 




